To investigate the origin and nature of the signals responsible for speci®cation of the dermatomal lineage, excised axial organs in 2-dayold chick embryos were replaced by grafts of the dorsal neural tube, or the ventral neural tube plus the notochord, or aggregates of cells engineered to produce Sonic hedgehog (Shh), Noggin, BMP-2, Wnt-1, or Wnt-3a. By E10, grafts of the ventral neural tube plus notochord or of cells producing Shh led to differentiation of cartilage and muscles, and an impaired dermis derived from already segmented somites. In contrast, grafts of the dorsal neural tube, or of cells producing Wnt-1, triggered the formation of a feather-inducing dermis. These results show that the dermatome inducer is produced by the dorsal neural tube. The signal can be Wnt-1 itself, or can be mediated, or at least mimicked by Wnt-1. q
Introduction
In vertebrates, the dermis is well known to initiate the formation of cutaneous appendages in the overlying epidermis (Dhouailly, 1977) . In avian embryos, the origin of the dermis from different body regions has been investigated by the heterospeci®c chick/quail cell marking technique. Facial and cranial dermis originates from the neural crest, except in the occipital and otic regions where it derives from cephalic mesoderm (Couly et al., 1992; Le Douarin et al., 1993) . In the trunk, the ventral and lateral dermis, as well as that of the limb, are derived from the somatopleure, whereas the dorsal dermis derives from somites (Mauger, 1972b,c) . Somites are segmental units of the paraxial mesoderm, which appear in a cephalo-caudal sequence. The ventral part of a somite becomes mesenchymal, forming the sclerotome which gives rise to the vertebrae and at least part of the ribs (BrandSaberi and Christ, 2000; Huang et al., 2000; Kato and Aoyama, 1998) . Its dorsal portion remains epithelial, forming the so-called dermomyotome. The latter's medial half gives rise to the dorsal dermis (Olivera-Martinez et al., 2000) and to the epaxial muscles, while its lateral cells migrate to form the limb and hypaxial musculature (Ordahl and Le Douarin, 1992) .
Ablation and grafting experiments have shown that somitic cell fates are determined by signals emanating from the neighbouring axial organs (neural tube and notochord), ectoderm and lateral plate mesoderm (for a review, see Hirsinger et al., 1998; Ordahl et al., 2000) . Among these signals, Sonic hedgehog (Shh) is expressed by both the notochord and the¯oorplate of the neural tube (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993) . Wnt-1, Wnt-3a, Wnt-4, BMP-4 and BMP-7 are expressed in the dorsal neural tube; BMP-4 transcripts also being detected in the overlying ectoderm, lateral plate and intermediate mesoderm (Capdevila et al., 1998; Hirsinger et al., 1997; Monsoro-Burq et al., 1996; Parr et al., 1993; Pourquie Â et al., 1996; Watanabe and Le Douarin, 1996) . Noggin is expressed in a dynamic manner in neural tube, notochord and somitic tissues (Hirsinger et al., 1997) .
Not only speci®cation, but also the survival and proliferation of medial somitic cells depend on axial signals. Excision of the neural tube and notochord is followed by extensive cell death in the medial compartment, and the resultant absence of many organs, including epaxial muscles, vertebrae, ribs (Rong et al., 1992; Teillet et al., 1998; Teillet and Le Douarin, 1983 ) and the dorsal feather ®eld (Mauger, 1972a) . Grafts of Shh-producing cells after axial organ excision maintain medial somitic cells and permit the differentiation of chondrogenic and myogenic lineages (Teillet et al., 1998) . The availability of speci®c early markers has permitted the identi®cation of the mechanisms responsible for the induction and maintenance of the epaxial myotome: Shh is essential for the activation of Myf5/MyoD and acts in concert with the overlying ectoderm and dorsal neural tube (Wnt-1) signals that are likely to maintain their expression (among others: Borello et al., 1999; Dietrich et al., 1999; Hirsinger et al., 1997; Ikeya and Takada, 1998; Kalcheim et al., 1999; Marcelle et al., 1997; Munsterberg et al., 1995) .
The molecular signals that allow the survival and commitment of dermomyotomal cells to the dermatomal fate have not yet been identi®ed, largely due to the lack of appropriate speci®c molecular markers. In the present study, we overcame this de®ciency by analyzing chick dorsal skin, wherein the distribution of feathers within feather ®elds (pterylae) or their absence (apteria) is dictated by the quality of the dermis (Dhouailly, 1977) .
Dorsal chick skin displays distinct morphological criteria that can be used to assess the results of experimental approaches to problems concerning dermatomal lineage survival and speci®cation. From 3 to 5 days of incubation (E3±E5), the dermomyotome gives rise to a loose mesenchyme beneath the dorsal ectoderm. Later (E6), the super®cial portion of this mesenchyme becomes condensed (Wessells, 1965) and forms the dermis. The resulting dorsal feather ®eld (spinal pteryla) is delimited from the surrounding scapular and femoral pterylae by almost featherless regions called semi-apteria (Sengel, 1976) . The ®rst sign of feather differentiation is the appearance of circular epidermal thickenings or placodes. These placodes become associated with dermal condensations to constitute feather primordia by E7. The dermal condensations arise by a redistribution of the cells which form the dermis by E6. The ®rst primordia arise in a mediodorsal row in the lumbo-sacral region and as two symmetrical paraxial rows, encompassing a mediodorsal semi-apterium, in the cervical and thoracic regions. The next primordia appear sequentially on each side of the initial rows, producing feather chevrons (Fig. 1 ). For example, by E10, a chevron in the cervical posterior region has 14 feathers, and one in the thoracic region has 24. Thus, feather primordia are laid down in a precise spatiotemporal pattern intimately related to successive antero-posterior levels within the dorsal skin. . The dorsal feather ®eld (spinal pteryla) can be subdivided into cervical, thoracic, lumbar, sacral and caudal regions. The spinal pteryla is surrounded by the scapular (scp), femoral (fp) and caudal pterylae (cp). The spinal pteryla localized at the wing insertion (between initial feather numbers 23 and 29) incorporates the posterior part of the cervical and the anterior parts of the thoracic. The ®rst rows of feathers to form are coloured in black. Three regions almost deprived of feathers (semi-apteria) are present at the thoracic level: the mediodorsal (mda) one and the two dorsoscapular (dsa) ones. SX, somite X; psm, presomitic mesoderm. Modi®ed from Mauger and Sengel (1970) . This pattern, dictated by the dermis (Dhouailly, 1977) , is already determined in unsegmented paraxial mesoderm, since the transposition of presomitic thoracic mesoderm to the anterior cervical region produces a spinal pteryla, the pattern of which is in accordance with the origin of the future somites (Mauger and Sengel, 1970) . The featherforming capability of skin depends on the total amount of dermal tissue available beneath a given epidermal region . This means that feather formation relates not only to cell density in the subjacent dermis, but also to dermal thickness. Recently, the molecules involved in the emergence of feather buds within skin at E7 have been identi®ed. BMPs inhibit bud formation, while Noggin, Wnt-7a or b-catenin can induce ectopic buds (Jung et al., 1998; Morgan et al., 1998; Noramly et al., 1999; Noramly and Morgan, 1998; Ting-Berreth and Chuong, 1996; Widelitz et al., 1999) . Moreover, the Notch system plays a role in the formation, or at least the stabilization, of dermal condensations in the dermis and of placodes in the epidermis (Crowe et al., 1998; Favier et al., 2000; Viallet et al., 1998) . It should be noted that by E6 the dense dermis of the dorsal feather ®eld is ready to express the different molecules which will lead to its heterogeneity (dermal condensations versus interfollicular dermis), depending on a FGF-like permissive signal originating from the epidermis (Song et al., 1996; Viallet et al., 1998) .
The formation of a dorsal dermis capable of being involved in these late molecular events leading to the emergence of a normal feather pattern requires, at an early stage, the survival, proliferation and speci®cation of somitic dermatomal cells. We have thus analyzed the tissular origin and the molecular identities of the signal(s) required for the development of the dorsal, feather-inducing, dermatomal lineage from the medial dermomyotome by E2±E3. We have asked whether the ectoderm, known to have a dorsalizing effect on the somite (among others: Borycki et al., 1998; Brand-Saberi and Christ, 2000; Dietrich et al., 1997; Fan et al., 1997) , is required for dermatomal speci®cation, and whether several factors of axial origin act in concert to direct somitic cells towards their fate, as is known for the epaxial myogenic lineage? To address these questions, we excised the ectoderm, or neural tube plus the notochord from E2 chick embryos and backgrafted the dorsal neural tube, or ventral neural tube plus the notochord. In an attempt to identify the molecular signals responsible for the backgraft effects, aggregates of cells programmed to produce Shh, Noggin, BMP2, Wnt-1 or Wnt-3a were grafted in place of the axial structures. Our results identi®ed a speci®c signal capable of ensuring the survival of some medial somitic cells, and leading to the formation of a dorsal dermis competent in every aspect of feather morphogenesis. This signal derives from the dorsal neural tube. It may be Wnt-1 itself, or it may be mediated or at least mimicked by Wnt-1.
Results

Excision of axial organs, but not the dorsal ectoderm alone, causes the absence of a feather-forming dorsal dermis
In chick embryos, the formation of the spinal feather ®eld overlying the axial organs ( Fig. 2A,B) is complete by E10. The dermal condensations and the interfollicular dermis contain, on average, 3.5 and 1.2 nuclei/1000 mm 3 , respectively. The interfollicular dermal cell quantity is 6.0 nuclei beneath 100 mm 2 of epidermis (Table 1 ; Fig. 2C ). The dorsal feather-forming area is separated from the scapular pterylae by semi-apteric regions that contain only around 4.6 nuclei beneath 100 mm 2 . The ectoderm removed (n 6) from the back region at E2 was completely healed 24 h later, and produced no changes in the dorsal pteryla at E10 (data not shown). In contrast, the excision of axial structures (n 8) produced embryos lacking posterior cervical, thoracic and most of the (Fig. 2D ). As already described (Teillet et al., 1998) , the other dorsal organs derived from the somites, i.e. vertebrae, ribs and epaxial muscles, were also absent (compare B and E in Fig. 2 ). Since the entire dorsal region was reduced in size, the scapulae lay close between the wings (Fig. 2E) . The scapular pterylae approached one another, but remained separated by a semi-apterium (Fig. 2D) wherein the dermis contained a mean of 5.3 nuclei beneath 100 mm 2 of epidermis (Table  1) . Occasional, unorganized dermal condensations formed as in normal semi-apteric skin. In the posterior thoracic region, a thin layer of sub-ectodermal mesenchyme formed an abnormal`dermis', containing around 4.9 nuclei beneath 100 mm 2 of a thin epidermis, and no feather buds developed (Fig. 2E,F) .
Grafts of the dorsal neural tube restore a normal dorsal dermis more ef®ciently than grafts of the ventral neural tube plus notochord
The backgrafting of a fragment of the ventral neural tube plus notochord into excised embryos (n 4) triggered the formation of an abnormal thoracic pteryla (Fig. 3A) . Feathers, in an unorganized pattern, appeared 1 day later than in unoperated regions of the spinal feather ®eld. They overlaid axial skeleton and well-developed muscle masses (Fig. 3B) .
In contrast, the backgrafting of a fragment of the dorsal neural tube (n 3) produced normally patterned feather buds at E10 (Fig. 3C) , although no skeleton and almost no muscles formed (Fig. 3D) . Moreover, the dorsal pteryla feathers appeared in synchrony with those of unoperated regions, and buds arose in longitudinal rows in accordance with the pattern of the corresponding antero-posterior region.
Grafts of Shh/QT6 cells lead to the formation of an impaired dorsal dermis
Grafting Shh-producing cells in place of the axial organs rescues medial somitic cells from death (Teillet et al., 1998) , and restores the development of axial cartilage, epaxial muscles and an impaired dermis at E10 (n 4). Depending on the antero-posterior axis level, different proportions of these tissues were formed.
In the most rostral region, an abnormal pteryla was present (Fig. 4A±C) . The feather buds were short and arose in circular waves (compare with Fig. 2A±C ). The dermal condensation density was similar to normal (Table 1) , but the interfollicular dermis contained more cells (7.5^1.9 nuclei/100 mm 2 ) than in the normal embryo (6.0^0.6 nuclei/100 mm 2 ). The thickness of the interfollicular dermis was very irregular, as re¯ected by the high standard deviation. In the most posterior region (Fig.  4A,D,E) , large amounts of cartilage and axial muscles predominated. The sub-ectodermal mesenchyme formed a very thin layer, the cells were sparse (3.9^0.8 nuclei/100 mm 2 ), the epidermis was thinner than normal and no feather formation occurred. 2.4. Grafts of Wnt-1/Rat-B1a cells restore some medial somitic cell survival and permit the formation of a normally patterned dorsal pteryla We attempted to identify the factor(s) responsible for the formation of dorsal dermis amongst the numerous molecules expressed by the dorsal neural tube. Grafts of the aggregates of Wnt-1/Rat-B1a (n 25), Wnt-3a/Rat-B1a (n 15), BMP2/QT6 (n 15) and Noggin/CHO cells (n 4) replaced the excised neural tube and notochord. We used a BMP2/QT6 cell line because of its availability, BMP2 being a functional homologue of BMP4 in some systems (Duprez et al., 1996a,b; Monsoro-Burq et al., 1996) .
Of all cell lines tested, only the Wnt-1/RatB1a triggered pteryla formation in the operated area at E10. As judged by Nile Blue sulphate (NBS) staining, we found that Wnt-1 allows the survival of some medial somitic cells. One day after axial organ excision and the Rat-B1a control cell graft (n 4), somites in both the excised, ungrafted, control regions and around the grafts stained intensely with NBS in their medial portion (Fig. 5A) . In contrast, Wnt-1/RatB1a grafted embryos (n 4) showed rescued somitic cells in close contact with the graft (Fig. 5B) , although some NBS staining was detected in the more central region of the somites. At E10 (Fig. 5C ), the pteryla in the operated area was clearly patterned in longitudinal feather rows. It was delimited by anterior and posterior control glabrous regions corre- sponding to excised, ungrafted territories. In histological sections, no axial skeleton and almost no dorsal muscles were present in any operated region (Fig. 5D) . Interestingly, the Wnt-1 grafted part of the spinal pteryla formed at the same time as the corresponding region of unoperated embryos, and comprised feather buds of similar length (compare with Fig. 2A±C ). The feather pattern was in accordance with the rostro-caudal level. The dermal cell content of the experimental pteryla resembled normal levels, both in dermal condensations (3.0^0.5 compared with 3.5^0.4 nuclei/1000 mm 3 ; Table 1 ; Fig. 5E ) and interfollicular dermis (6.2^1.1 compared with 6.0^0.6 nuclei/100 mm 2 ). A normal epidermis covered the dermis.
Discussion
The aim of our study was to determine the tissue origin and the molecular identity of the signals that specify the medial somitic cells to the dermatomal lineage. In our experimental design, the removal of the axial organs (neural tube plus notochord) deprives the somitic cells not only of determining signals, but also of the trophic factors responsible for their survival and proliferation (Borycki et al., 1999; Teillet et al., 1998) . Our main result shows that Wnt-1 alone allows both the survival and speci®cation of the medial dermomyotome compartment, giving rise to a normal feather-inducing dermis.
Axial organs are necessary for the survival and determination of dorsal dermal progenitors
In the absence of the neural tube and notochord, medial somitic cells progressively die (Rong et al., 1992; Teillet et al., 1998) , resulting in the absence of vertebrae, dorsal muscles and ribs (Teillet et al., 1998) , and also the dorsal feather ®eld (Mauger, 1972a) . This is in accordance with our recent results showing that dermal progenitors also derive from the medial part of the somites (Olivera- Martinez et al., 2000) . In the absence of the dorsal feather ®eld, the dorsoscapular semi-apteria fuse in a midline region, where the dermal depth and cell density resemble that of normal semi-apteric skin. More posteriorly, a competent dermis is absent and the integument is entirely deprived of feathers; both mesenchymal depth and cell density are inferior to normal.
The excision of axial organs also implies the excision of the ectoderm covering the neural tube. In order to test the possibility that the ectoderm was also necessary at somitic stages for the dermatomal speci®cation, we excised a large area of ectoderm covering the neural tube and segmental plate. No defect was detected 8 days later on spinal pteryla formation. However, our results do not preclude a possible role for the ectoderm in dermatomal speci®cation. In our experiments, the ectoderm heals in less than 24 h after the operation, as observed previously (Nodder and Martin, 1997; The Âvenet, 1969) . If the absence of the ectoderm triggers a defect early in dermatomal lineage development, the signal de®ciency may be rapidly overcome, and ®nally, does not perturb dorsal feather ®eld development.
Shh produces an erratic feather-forming dermis
A backgraft of the ventral neural tube plus notochord, or a graft of Shh-producing cells prevented cell death and permitted the differentiation of a spinal column, ribs and epaxial muscles as already shown (Teillet et al., 1998) . It is known that Shh acts synergistically with Wnt family members to promote myogenesis (Borycki et al., 1998 (Borycki et al., , 1999 Capdevila et al., 1998; Hirsinger et al., 1997; Marcelle et al., 1997 Marcelle et al., , 1999 Maroto et al., 1997; Munsterberg et al., 1995; Reshef et al., 1998) . A myogenic inducing capability has also been attributed to the ectoderm (Borycki et al., 1998; Cossu and Borello, 1999; Cossu et al., 1996; Dietrich et al., 1997 Dietrich et al., , 1999 Fan and Tessier-Lavigne, 1994; Maroto et al., 1997) . According to several authors (Borycki et al., 1999; Marcelle et al., 1999) , Shh is not able to initiate the activation of Myo-D expression in the presomitic mesoderm, but can maintain and expand an initial Myo-D expressing cell population by stimulating cell proliferation. In our experimental conditions, and as already suggested (Teillet et al., 1998) , Shh probably promotes myogenesis due to a prior Wnt induction from the dorsal neural tube and/or in cooperation with Wnts from the ectoderm. Indeed, Wnt-4 and Wnt-6 transcripts have been described in the mouse ectoderm (Fan et al., 1997; Parr et al., 1993) .
In our experimental design, cell grafts are localized at both the level of the last segmented somites and in the presomitic mesoderm. In the posterior Shh grafted region, large amounts of cartilage and muscles, but only a loose subectodermal mesenchyme, formed. Consequently, Shh appears to support the differentiation of sclerotome and myotome in the presomitic mesoderm, but not dermatome, even in the presence of signals from the ectoderm. In the more rostral region of the grafts, the dermatomal fate has probably been induced by previous signals from the dorsal neural tube and can be sustained by Wnts from the ectoderm. An aberrant and irregular dermal cell quantity and an abnormal dermal thickness arise at the greater distance from the source of Shh. Overall, our results suggest that while Shh does not direct somitic cells towards the dermatomal lineage, it can promote survival and probably the proliferation of cells that are independently speci®ed.
3.3. Wnt-1 allows some dorsomedial somitic cells to survive and differentiate further in a feather-inducing dorsal dermis While backgrafts of the dorsal neural tube (Teillet et al., 1998) or grafts of Wnt-1-producing cells (present study) after excision of the neural tube plus notochord save only a few somitic cells from death, they can restore an organized dorsal dermis together with a few muscle ®bres. This rescue only involves cells that are in close contact with the graft. This may be due to the fact that secreted proteins of the Wnt family remain tightly associated to the extracellular matrix (Bradley and Brown, 1990; Burrus and McMahon, 1995; Jue et al., 1992; Papkoff and Schryver, 1990) . This is con®rmed by the fact that the inhibition of Wnts by the overexpression of Frzb1 leads to increased apoptosis , although this has not been described in Wnt-1/Wnt-3a null mice (Ikeya and Takada, 1998) . Thus, Shh is not the only molecule emanating from axial structures that can act as a trophic factor on somitic cells, as already indicated by the fact that dermomyotomal cell death is not enhanced in Shh null mice (Borycki et al., 1999) .
Among the endogenous molecules produced by the dorsal neural tube tested, only Wnt-1 restored the development of an organized dorsal feather ®eld. Even its close family member, Wnt-3a, also expressed by the dorsal neural tube, could not replace it, suggesting that the observed phenotypic effect is speci®cally mediated by Wnt-1.
Grafts of the BMP-2/QT6 cell line did not restore the formation of a dorsal feather ®eld. BMP-2 was tested as a functional homologue of BMP-4, the endogenous BMP family member produced by the dorsal neural tube. This cell line, used primarily because of its availability, warranted testing as BMP-2 has been shown to be a functional homologue of BMP-4 in some systems (Duprez et al., 1996a,b; Monsoro-Burq et al., 1996) . Different explanations can be proposed for its lack of effect. First, BMPs are best known to trigger cell death, not cell survival (among others: Macias et al., 1997; Merino et al., 1999; Song et al., 1998; Yokouchi et al., 1996) . Second, although BMP-4 has been shown to activate Wnt-1 expression in the dorsal neural tube (Marcelle et al., 1997) , its direct action on the somite is prevented by Noggin expression in the medial compartment (Hirsinger et al., 1997) . Therefore, it is unlikely that BMP-4 is the endogenous signal that supports dermatomal fate development.
As with dorsal neural tube backgrafts, Wnt-1-producing cell grafts do not promote axial cartilage or normal epaxial muscle development. Our data are in agreement with many studies indicating that Wnt family members must act synergistically with Shh to induce normal levels of Myo-D expressing cells in the epaxial myotome (Borycki et al., 1999; Capdevila et al., 1998; Hirsinger et al., 1997; Marcelle et al., 1997; Maroto et al., 1997; Munsterberg et al., 1995; Reshef et al., 1998) . In contrast, we show that Wnt-1 alone directs medial somitic cells to the dermatomal lineage. This is consistent with two facts: dermal progenitors derive from the medial somite (Olivera-Martinez et al., 2000) , and Wnt-1-producing cells can restore somite mediolateral patterning (Hirsinger et al., 1997) . Moreover, the dermal precursors are correctly addressed under the ectoderm and contain regional patterning information consistent with normal development. Indeed, the resulting timing of appearance, distribution and growth of feather buds in the dorsal pteryla are in accordance with the antero-posterior level of the graft. Moreover, the depth and cell content of the dermis are similar to normal in this area.
The question arises of a possible second, late effect of Wnt-1 on the dermis to promote feather formation when the skin is formed by 6 or 7 days of incubation. Indeed, the late retroviral-mediated overexpression of an activated form of b-catenin in the ectoderm can initiate the development of ectopic feather buds in interfollicular skin or semi-apteric regions (Noramly et al., 1999) . Nevertheless, unpublished data from our group show that Wnt-1/RatB1a cell grafts, associated with E6 chick dorsal, or E9 apteric medioventral skin, do not produce supernumerary feathers. Therefore, it seems unlikely that a late effect by Wnt-1 on feather bud induction underlies the phenotype observed in the present experiments. The unresolved question is: what effect does Wnt-1 have on medial somitic cells apart from promoting their survival? In other words, which genes that are required for dermatomal lineage speci®cation are activated? It is well known that Wnt-1 activates Wnt-11 expression in the dorsomedial lip of the somite, and that those cells, which also receive the Shh signal, migrate downwards, stop expressing Wnt-11 and start expressing MyoD (for a review, see Ordahl et al., 2000) . By missing the Shh signal, and/or by being reinforced by an ectodermal Wnt signal, can the Wnt-11 expressing cells migrate in the opposite direction and colonize the sub-ectodermal space to form the dermis? In contrast, do epaxial muscles and dermal progenitors express different genes and are they mixed or do they even occupy different locations in the medial dermomyotome? To be able to answer these questions, we are looking for an early molecular marker of the dermatomal lineage.
In conclusion, our results indicate that dermatomal cell survival and differentiation are under the control of the axial organs, and that the development of the dermatomal lineage depends on a signal from the dorsal neural tube that can be Wnt-1 itself, or can be mediated or at least mimicked by Wnt-1. However, they do not preclude an eventual role of the ectoderm as an additional dermatomal fate inducer.
Experimental procedures
Embryos and microsurgery
Fertilized chick eggs (JA957 strain, SFPA, St Marcellin, France) were incubated at 388C until the embryos reached stage 12±14 Hamburger and Hamilton (HH) (1951) , that is to say 17±22 somites. Microsurgery was performed in ovo as previously described (Teillet et al., 1998) . To visualize the embryos, India ink (Pelikan) in Tyrode's solution (1/10) was injected between the embryonic tissues and the vitelline layer. In a ®rst series of experiments, the ectoderm was removed unilaterally or bilaterally from somite V (nomenclature of Christ and Ordahl, 1995 , in which somite I is the last segmented one, somite II the one immediately rostral to it, and so on) to an equivalent length in the presomitic mesoderm. In a second series of experiments (Fig. 6) , the neural tube and the notochord were removed from somite X to the posterior neuropore. In a third series, the different components of the axial organs (the ventral neural tube plus notochord or the dorsal neural tube alone) were backgrafted immediately after the excision. In a last series, the grafts consisted of aggregates of various transformed cell lines producing diffusible factors. All grafts were from somite V to the unsegmented paraxial mesoderm along a length equivalent to ®ve presumptive somites in order to maintain two excised, ungrafted regions anteriorly and posteriorly to the grafts as controls.
4.2. Preparation of cell lines producing BMP2, Noggin, Shh, Wnt-1, or Wnt-3a A QT6 cell line, stably expressing chick Shh under the in¯uence of the CMV (Cyto Megalo Virus) promoter in the pBK plasmid, and the corresponding control QT6 cells, as well as the BMP2/QT6 cell line were provided by Dr D. Duprez. A stable Wnt-1-producing ®broblast, Rat-B1a cell line and the control cells were a gift of Dr R. Nusse. A stable Wnt-3a-producing Rat-B1a cell line was provided by Dr J. Kitajewski, and its ability to produce an active protein has been assessed in vitro. The Noggin±CHO dhfr-cells were provided by Dr R. Harland and Dr J.M. de Jesus. The day before each operation, the cells were trypsinized and plated on uncoated bacterial Petri dishes to form aggregates.
Histology
Operated embryos were ®xed at E10 in Bouin's¯uid, photographed to record the dorsal pteryla phenotype, paraf®n embedded, sectioned (6 mm) and stained with Mallory's tetrachrome.
NBS staining
To investigate cell death, embryos were dissected in Pannett and Compton's saline (PCS), incubated overnight at 48C in freshly prepared NBS (Gibco) solution (25 ml of NBS aqueous solution at 2 mg/ml in 10 ml of PCS). The next day they were washed in PCS and photographed.
Dermal cell counts
Dermal nuclei were counted in 6 mm thick histological sections, within a region of 375 mm in length, delimited by the depth of the dermis. At least ten independent measures were made by two different observers. The dermal density was calculated in nuclei/1000 mm 3 as follows in Eq. (1) Number of nuclei £ 1000=6 £ 375 £ depth 1
(The values in parentheses are all measured in micrometers). As the feather-inducing capabilities of the dermis may depend on the total amount of cells available under a given epidermal surface , the results were reported as the number of nuclei under an epidermal surface of 100 mm 2 , which is a function of cell density and dermal depth. This feature designated the quantity of dermal cells (nuclei/100 mm 2 of epidermis) and was calculated as follows in Eq. (2) Density £ depthmm=10 2
